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Abstract The lowest matric potential is an important soil property characterizing the strength of retaining
water molecules and a key parameter in deﬁning a complete soil water retention curve. However, the exact
value of the lowest matric potential is still unclear and cannot be measured due to the limitation of current
experimental technology. In this study, a general theoretical framework based on metadynamics was
proposed to determine the lowest matric potential in quartz minerals. The matric potential was derived from
partial volume free energy and can be further calculated by the difference between the adsorption free
energy and self-hydration free energy. Metadynamics was employed to enhance molecular dynamics for
determination of the adsorption free energy. In addition to the water-mineral interaction, the adsorptive
water layer structure was identiﬁed as an important mechanism that may lower the free energy of water
molecules. The lowest matric potential for quartz mineral was found as low as 2.00 GPa.

1. Introduction
The total water potential in soils is deﬁned as the total free-energy change in a unit volume of water in soil
transferred reversibly and isothermally from a free-water state (i.e., pure bulk water state) to a soil water state
(i.e., in soil matrix) [Slatyer and Taylor, 1960; Noy-Meir and Ginzburg, 1967]. The total water potential is an
important property governing various soil behaviors, such as water migration [e.g., Richards, 1965; Gardner,
1986] and effective stress evolution [e.g., Lu and Likos, 2004]. There are three components contributing to
the total water potential: gravitational potential, osmotic potential, and matric potential [Iwata et al., 1988].
Excluding the inﬂuence of elevation and solute, the total water potential is equal to the matric potential.
The matric potential, as a negative of matric suction, signiﬁes that the free energy of the soil water is lower
than that of the pure bulk water. The thermodynamic energy equilibrium between the matric potential
and the soil water content, which is coined in the soil water retention curve (SWRC) [e.g., Brooks and Corey,
1964; van Genuchten, 1980], characterizes a soil’s pore size distribution and surface properties of its minerals
[Revil and Lu, 2013] and quantiﬁes the capability of the soil in retaining water at a particular energy state.
Various models have been established to describe the SWRC. Nevertheless, the lowest matric potential or the
highest matric suction of a soil at complete dryness has been challenging researchers theoretically and
experimentally. For instance, van Genuchten’s model of SWRC [van Genuchten, 1980] deﬁnes a negative inﬁnite matric potential value as the soil moisture approaches the residual water content; Campbell and
Shiozawa [1992] and Fredlund and Xing [1994] set a constant value of 1.0 GPa as the lower limit for the water
potential; and Jensen et al. [2015] modiﬁed this limit to pF = 6.9 (778 MPa). Recently, Lu and Khorshidi [2015]
identiﬁed the dependency of the lowest matric potential of expansive clays on the type of exchangeable
cations and linearly extrapolated soil suctions from 5% relative humidity of dryness to 0, leading to various
numbers ranged from 475 to 1180 MPa. On the other hand, the experimental techniques for measuring
the matric potential or suction at complete dryness or zero relative humidity are not yet available in practice.
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The advances in the understanding of soil water retention behaviors reveal that capillary and adsorptive
water can be differentiated based on the forces applied between soil solids and water molecules in different
soil water retention regimes [Tuller and Or, 2005; Frydman and Baker, 2009; Revil and Lu, 2013]. A typical SWRC
of a silty soil presented in Figure 1 shows the measured matric potentials ﬁtted by Lu’s model of SWRC [Lu,
2016] with a separation of adsorptive water and capillary water. The lowest matric potential and cavitation
potential were introduced as two controlling parameters to capture the starting points of adsorption and
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Figure 1. Typical soil water retention curve for a sandy soil (AZ1) with the
separation of adsorptive water and capillary water (data from Jensen et al.
[2015]).

capillary condensation, respectively.
The lowest matric potential with a
theoretical veriﬁcation is still absent
but is needed for a complete SWRC.
When the matric potential is lower
than the cavitation potential, which
could range from 7 to 140 MPa
where water is in a metastable state
and vapor nucleation occurs [e.g.,
Zheng et al., 1991; Duan et al., 2012],
adsorption mechanism dominates
the soil water interactions [Lu, 2016].
As the water content approaches to
0, the lowest matric potential is
expected to occur in the vicinity of
the adsorption of the ﬁrst layer of
water molecules on a neutralcharged mineral surface of quartz
sands.

Recently, various molecular simulation techniques have been developed to simulate solid-water interactions, such as stress states [e.g., Luan and Robbins, 2005; Zhang et al.,
2016a], phase equilibrium, and transition [e.g., Molinero and Moore, 2008; Zhang et al., 2016b]. Among them,
metadynamics [Laio and Parrinello, 2002] is an advanced molecular simulation technique to compute the
evolution of free energy of molecular systems as a function of given variables. In this study, we ﬁrst developed a general theoretical framework and then used metadynamics simulation to determine the lowest
matric potential for water adsorption on a quartz mineral.

2. Methodology
2.1. Theoretical Formulation
In practice, the matric potential is usually formulated as the pressure difference between pore water (uw) and
air (ua) at the curved air-water interface. However, it is postulated that this formulation only holds for capillary
water [Lu and Khorshidi, 2015]. When water potential is less than the negative cavitation pressure, the concept
of surface tension is not valid since the water molecules are restrained to substrates by the adsorptive forces.
Therefore, a formulation of matric potential based on free-energy concepts was examined herein. The matric
potential is the free-energy difference of the unit volume of water between the water retained in the soil
matrix and pure bulk water. The matric potential at a particular energy state ψ (kPa or kJ/m3) can be formulated by chemical potentials following Noy-Meir and Ginzburg [1967] as
ψ¼

μw  μ0w
0
Vw

Δμw

¼

(1)

0

Vw
0

where μw (kcal/mol) is the chemical potential of water in soils; μw0 and V w are the chemical potential and
molar volume of pure bulk water, respectively; and Δμw is the difference between the chemical potential
of the water retained in soils and that of pure bulk water. The chemical potential of water can be calculated
as [Noy-Meir and Ginzburg, 1967]

μw ¼

∂F
∂nw


(2)
Xi

where F is the free energy, usually referred to as Gibbs free energy. For convenience, all the free energies are
presented in terms of molar free energy (kcal/mole); nw is the number of moles of water molecules under
ZHANG ET AL.
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consideration; Xi represents all other
state variables (e.g., temperature
and pressure) that are required constant to deﬁne the state of the system. By substituting the partial
molar free energy, equation (1) can
be rewritten as


Δμw
1
ΔF
ψ¼ 0 ¼ 0
Vw
V w Δnw X i
 
ΔF
¼
(3)
V 0w X i
where Vw0 is the volume of water of
interest, and ΔF is the free-energy
difference between soil water and
pure bulk water. Note that it is difﬁcult to determine the ΔF directly
using the free energies of those two
states through physical experiments
or numerical simulations. Hence, a
reference energy state, i.e., the desFigure 2. Schematic of different energy states and the determination of freeenergy change ΔF from tightly adsorbed state to pure bulk water state.
orbed state as illustrated in Figure 2,
is introduced in this study to calculate the relative free energy of each state with respect to the reference state. In the desorbed state, the water
molecule is assumed to be isolated in vacuum where there is no molecular interaction among water molecules.
At the lowest matric potential, the soil water state corresponds to the tightly adsorbed state. The free-energy
difference between the tightly adsorbed state and the desorbed state is the adsorption free energy (ΔF1). The
free-energy difference between the pure bulk water state and the desorbed state is the self-hydration free
energy of pure bulk water (ΔF2). These two free energies are frequently used in chemistry and material science
[e.g., Hermans et al., 1988; Meißner et al., 2014]. Thereafter, ΔF can be calculated with ΔF1 and ΔF2:
ΔF ¼ ΔF 1  ΔF 2

(4)

The self-hydration free energy of pure bulk water (ΔF2) has been identiﬁed as around 6.3 kcal per mole of
water [e.g., Hermans et al., 1988; Jorgensen and Tirado-Rives, 2005]. Therefore, the adsorption free energy
(ΔF1) is the only unknown variable and will be determined from the free-energy landscapes reconstructed
by using the metadynamics simulation technique. This theoretical formulation is universal in thermodynamics and hence can be used to determine energy state of water or matric potential of water in soils under
complex processes, such as surface adsorption, cation hydration, capillary condensation, and cavitation.
2.2. Metadynamics Simulation
The physical properties predicted by molecular dynamics simulations are reliable and useful only if the ergodic hypothesis is satisﬁed [Barducci et al., 2011]. In other words, a sufﬁcient simulation time scale is indispensable for a molecular system to visit all possible states of interest and then acquire authentic simulation
results. In practice, due to the large number of molecules and the available computational resource, the time
scale of molecular dynamics simulation is limited to several hundreds of nanoseconds to facilitate parametric
investigations. This time scale may not be sufﬁcient to output the physical properties associated with metastable states (e.g., free-energy landscapes) due to the presence of free-energy barriers [Laio and Parrinello,
2002]. To overcome this difﬁculty, metadynamics [Laio and Parrinello, 2002] was proposed as a powerful algorithm to enhance the sampling process by introducing additional bias potentials to some collective degrees
of freedoms (also referred to as collective variables such as distances between atoms and coordination number). This technique enables the reconstruction of free-energy landscapes with acceptable time scale
[Barducci et al., 2011; Laio and Gervasio, 2008]. Metadynamics has been successfully used to reconstruct
free-energy landscapes for many applications, such as adsorption process [Meißner et al., 2014], solid-liquid
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Figure 3. Snapshots of simulated water-mineral systems with different coverage of water molecules (dark blue: O in water;
red: H in water; light blue: O in quartz; purple: H in hydroxyl; orange: Si): (a) 1 water molecule, (b) 4 water molecules, (c) 8
water molecules, and (d) 12 water molecules. (e) Distance of the reference water molecule from substrate zsw.

interfacial energy [Angioletti-Uberti et al., 2010], and protein folding [Bussi et al., 2006]. In this paper,
metadynamics simulation was performed in company with molecular dynamics to calculate the adsorption
free energy of water in soils.
Quartz, as an uncharged substrate, is a prevalent mineral in sandy and silty types of soils [Mitchell and Soga,
2005]. The hydroxylated (0 0 0 1) cleavage surface of α quartz is a common stable exposed surface in nature
[Murdachaew et al., 2013]. Therefore, this structure was selected to calibrate the adsorption free energy of
water on the quartz surface. The lattice parameters of α quartz were adopted from Levien et al. [1980], and
the oxygen atoms on the (0 0 1) cleavage surface were replaced with hydroxyls to generate the (0 0 0 1) cleavage surface. As shown in Figure 3, water molecules were deposited on the (0 0 0 1) cleavage surface of α
quartz, forming a water-mineral system for metadynamics simulations. The mineral substrate consists of
2 × 2 × 3 = 12 repeating unit cells with a size of 9.832 Å × 8.515 Å × 16.216 Å. Although only four unit cells were
modeled as the exposed surface, i.e., the (0 0 0 1) cleavage surface, the modeled exposed surface can be considered as inﬁnite by introducing the periodic boundary conditions. As illustrated in Figures 3a–3d, the number of water molecules per four unit cells (Nw) deposited on the surface varies from 1, 4, 8 to 12, representing
different amounts of adsorptive water.
To simulate atomistic interactions, interatomic potentials need to be deﬁned prior to metadynamics simulations. In the water-mineral system of interest, three types of interatomic interactions were considered:
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mineral-mineral interaction, watermineral interaction, and water-water
interaction. The former two types of
interactions were calculated by the
Clay Force Field (ClayFF) [Cygan
et al., 2004], and the water-water
interaction was calculated by the 4Point Transferable Intermolecular
Potential/2005 (TIP4P/2005) water
model [Abascal and Vega, 2005].
Therefore, the total potential energy
(Ut) of the system is expressed as
[Cygan et al., 2004]
Ut ¼ UC þ UvdW þ Ubs
þ Uab

(5)

where UC is the Coulombic (electrostatic) interaction energy; UvdW is
the short-range (van der Waals) interaction energy; Ubs is the bond stretch
energy; and Uab is the angle bend
energy.
The simulation procedure includes a
classical molecular dynamics stage
and a subsequent metadynamics
stage. At the ﬁrst stage, the classical
molecular dynamics simulations
were performed under the canonical
(NVT) ensemble using the Large-scale
Figure 4. Adsorption free-energy landscapes: (a) comparison for Nw = 1 con- Atomic/Molecular Massively Parallel
structed with different simulation times; (b) comparison for single and mulSimulator (LAMMPS) [Plimpton, 1995;
tiple water molecule adsorption Nw = 1, 4, 8, and 12.
Plimpton et al., 2007]. Since the NVT
ensemble was used, the output free
energy is Helmholtz free energy rather than Gibbs free energy. However, it is postulated that Helmholtz
and Gibbs free energies are approximately identical for condensed phases [Israelachvili, 2011]. The boundary
conditions in all the directions were set as periodic. A Nosé-Hoove thermostat was employed to maintain the
system temperature at T = 300 K. Newton’s equations of motion were integrated with a time step of 1.0 fs. The
short-range van der Waals interaction was calculated with a cutoff radius of 8.5 Å, and the long-range
Coulombic forces were calculated using the Particle-Particle, Particle-Mesh method [Hockney and
Eastwood, 1988] with an accuracy of 99.99%. Water molecules were kept rigid using the SHAKE algorithm
[Ryckaert et al., 1977]. The water-mineral systems were equilibrated at this stage for 1 ns. Next, at the second
stage, the well-tempered metadynamics was performed with the PLUMED package [Barducci et al., 2008; Laio
and Parrinello, 2002; Tribello et al., 2014] as a “ﬁx” routine of LAMMPS. As illustrated in Figure 3e, the vertical
distance between the mass center of the reference water molecule and the solid substrate surface (zsw) was
used as the collective variable to construct the adsorption free energy. Gaussian hills with a height of 1.0 kcal/
mol and a width of 0.1 Å were set as the adaptive bias potentials and added to the water-mineral systems
with a bias factor of 6.0 in every 1.0 ps. In this stage, metadynamics simulation was performed for 200 ns.
The simulation results were visualized with the Open Visualization Tool [Stukowski, 2010].

3. Results and Discussions
Free-energy landscapes represented by the free-energy variation with the distance between the water molecule and substrate surface are shown in Figure 4. The sufﬁcient time scale of the metadynamics simulation
should be satisﬁed to ensure the convergence of the free-energy landscape simulations by varying the
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Figure 5. (a) Adsorption free energy for different coverage of water molecules. (b) Water potential for different coverage of
water molecules.

simulation times (t). For this purpose, the free-energy landscapes of single water molecule adsorption with
four trial simulation times are compared and presented in Figure 4a. The free-energy landscapes for time
duration of 100 ns and 150 ns are more or less overlapped with each other, suggesting that 100 ns is
sufﬁcient for calculating free-energy landscape. A local free-energy minimum (12.87 kcal/mol) around
zsw = 1.85 Å, referred to as free-energy well, indicates that 1.85 Å is the statistically stable and energetically
favored position of the adsorption process and thus can be considered as reaching the tightly adsorbed
state. As zsw increases, the water molecule moves farther away from the surface and the free energy of the
system gradually increases. This is consistent with the evolution of interaction potential between the water
molecule and the mineral surface: interaction potential energy decreases as the distance increases. When
zsw is larger than 6 Å, the free energy is ﬂuctuating around a constant value. This value is considered as the
reference energy state, indicating that the attraction force from the mineral surface or the effect of
adsorption becomes negligible. Accordingly, this reference energy state was considered as the
desorbed state.
The adsorption free-energy landscapes with different numbers of water molecules per four unit cells (Nw) are
presented in Figure 4b. All free-energy landscapes have similar shapes and patterns: the free energy ﬁrst
decreases as zsw increases from 0 to 1.85 Å and then increases as zsw further increases. When zsw > 15.0 Å,
the free energies in all cases start oscillating around a certain value, indicating that the interaction between
the mineral surface and the reference water molecule is negligible and the reference water molecule can
be considered to have reached the desorbed state. Therefore, the average free energy within
15.0 Å < zsw < 20.0 Å was chosen as the free energy of the desorbed state. The trough forms a free-energy well
representing the free-energy barrier that needs to be overcome for the tightly adsorbed state of water. In
cases of multiple water molecule adsorption, the interaction among water molecules inﬂuences the adsorption free-energy landscapes and increases the width of the well as Nw increases. Speciﬁcally, as Nw increases
the value of zsw at which the free energy increases to zero gradually increases from 7.5 Å for Nw = 1, to 9.5 Å for
Nw = 4, to 11.5 Å for Nw = 8, and to 14.5 Å for Nw = 12. The local free-energy minimum at zsw = 1.85 Å was taken
ZHANG ET AL.
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as the free energy of the tightly adsorbed state. Then, the adsorption free energy (ΔF1) can be calculated as the
difference between the free energies of the tightly adsorbed state and desorbed state.
The adsorption free energies (ΔF1) with different numbers of adsorptive water molecules are presented in
Figure 5a. The adsorption free energy ﬁrst increases and then decreases with Nw, indicating that the lowest
adsorption free energy does not necessarily appear at zero water content. The adsorption free energy with
Nw = 1 was determined as 12.87 kcal/mol, which is close to the adsorption free energy of the isolated water
molecule (12.52 kcal/mol) determined by using the density function theory [Yang and Wang, 2006]. Besides,
the minimum adsorption free energy at Nw = 4 was identiﬁed as 14.92 kcal/mol, which is also consistent
with the value of the H-down bilayer case (14.99 kcal/mol) reported by Yang and Wang [2006]. Both cases
conﬁrm the accuracy and reliability of the adsorption free energy determined by the metadynamics simulations. The comparisons between the adsorption free energy of Nw = 4 and that of Nw = 1 implies that a more
energetically favored molecular structure has been formed as the substrate adsorbs more than one water
molecule. This can be further explained by the fact that different orientations of water dipoles result in different adsorptive water layer structures and thus exhibit different free energies. Yang and Wang [2006] found
that an H-down bilayer structure in which those OH bonds point into the surface is more energetically
favored than an H-up bilayer structure (OH bonds pointing up toward vacuum) as for the hydroxylated
(0 0 0 1) cleavage surface of α quartz. At Nw = 4, the water molecules form the H-down bilayer structure and thus
the minimum adsorption free energy is obtained. As the surface continues to adsorb water molecules, the
adsorption free energy recovers to the same magnitude as that in the case of Nw = 1. Therefore, we may conclude that the adsorptive water layer structure is another factor contributing to the adsorption free energy in
addition to the water-mineral interaction.
The corresponding matric potential was calculated using equation (3) with the adsorption free-energy evolution of adsorptive water molecules from 1 to 12 per four unit cells, and the results are presented in Figure 5b.
The water potentials in all cases are in the same range of 1.57 GPa to 1.51 GPa, except 2.00 GPa for
Nw = 4. These values of the lowest water potential are much lower than the numbers reported in the literature
(e.g., 1.0 GPa in Campbell and Shiozawa [1992]). This can be explained as not only the van der Waals interaction but also the electrostatic interaction induced by polarized molecular structures on surface prevails in
the adsorption of the very ﬁrst few water molecules onto a mineral surface. Furthermore, since the special Hdown bilayer structure of water molecules, the lowest matric potential may not occur at the exact zero water
content but close to that. The above ﬁndings provide a strong and rigorous theoretical explanation and
acquisition method for the lowest matric potential or the highest matric suction for water adsorbed on the
quartz mineral. The proposed universal theoretical framework can be further extended to explore the adsorption of soil water by different minerals and cations, which gives sound theoretical evidence of the lowest
matric potential.

4. Conclusions
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ZHANG ET AL.

This paper established a novel theoretical framework to deﬁne the lowest matric potential in SWRC model by
incorporating metadynamics simulations in molecular dynamics. The matric potential is derived as partial
volume free-energy difference between soil water and pure bulk water. Then, the free-energy difference is
identiﬁed to be equivalent to the difference between adsorption free energy and self-hydration free energy.
Metadynamics is employed to investigate the process of water adsorbed by the hydroxylated (0 0 0 1) cleavage surface of α quartz and reconstruct the corresponding adsorption free-energy landscapes. The number
of water molecules per four unit cells varied from 1 to 12 to represent different coverage of water. The width
of free-energy well increases with increasing number of adsorptive water molecules, indicating the increasing of the inﬂuence scope of the adsorption effect. In addition to the water-mineral interaction, the adsorptive water layer structure is an important mechanism contributing to the lowest matric potential. The lowest
matric potential does not appear at exact zero water content and is determined as 2.00 GPa.
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